group of proteins (trappin is an acronym for TRansglutaminase substrate and wAP domain containing ProteIN, and refers to its functional property of ' getting trapped ' in tissues by covalent cross-linking). Analysis of the trappin family members shows extensive diversification in bovidae and suidae, whereas the number of primate trappins is probably limited. Recent biochemical and cell biological data on the human trappin family member elafin\SKALP suggest that this molecule is induced in epidermis by cellular stress. We hypothesize that trappins play an important role in the regulation of inflammation and in protection against tissue damage in stratified epithelia.
Key words : epithelia, proteinase inhibitors, transglutaminases. vesicle protein, which was known to be a transglutaminase substrate, involved in formation of the vaginal plug. The name cementoin was coined by Nara et al. [13] to denote this Nterminal anchoring motif. The genes for pig SPAI-2, pig elafin\SKALP and a new pig protein (pWAP-3) have now been cloned, and it was shown that these proteins are homologous and have similar genomic organization [14, 15] . Zeeuwen et al. [16] cloned partial cDNAs from bovine tongue which contained the transglutaminase substrate domain and the WAP domain, and are probably also new SPAI-2\elafin\SKALP family members.
NOMENCLATURE
We have proposed the name ' trappin ' gene family as a unifying nomenclature for this group of proteins [16, 17] , trappin being an acronym for TRansglutaminase substrate and wAP domain containing ProteIN, referring to its property of getting ' trapped ' in a tissue and thereby functioning as an anchored protein.
Trappin family members are defined by an N-terminal transglutaminase substrate domain consisting of hexapeptide repeats with the consensus sequence Gly-Gln-Asp-Pro-Val-Lys (GQDPVK), and a C-terminal four-disulphide core. Numbering of the trappins will be according to their order of identification. SPAI-2 will therefore be designated trappin-1, and elafin\ SKALP\ESI as trappin-2. Tentative numbering for recently described trappins is given in Zeeuwen et al. [16] and Furutani et al. [17] . Apparent orthologues will be given the same number, e.g. trappin-2 has now been identified in human, monkey, pig, A glutamine residue (Q) acts as an acyl donor and a lysine residue (K) serves as an acceptor. The catalytic thiol group involved in the formation of an acyl-enzyme intermediate is also shown (for reviews, see [62, 63] ). (d) Three-dimensional structure of human trappin-2 (SKALP/elafin) determined by X-ray crystallography [21] and NMR spectroscopy [64] . The four disulphide bonds are indicated by broken lines. (e) Amino acid sequence comparison of the WAP motif of trappins [1, 6, 15, 16] and closely related proteins : caltrinlike protein (EMBL/GenBank accession no. P22075) and SLPI (EMBL/GenBank accession nos. X04470 and M57446). An arrow indicates the cleavage site in human trappin-2 that generates a small 6 kDa species that lacks the transglutaminase substrate domain ; (d) shows this small species of 57 amino acid residues. The boxed region (region V) represents highly variable sequences that interact with the target enzymes.
wart-hog and cow. We propose that, for historical reasons, the old names such as SPAI-2 and elafin\SKALP\ESI can still be used, but that new members will be given systematic names (trappin followed by a number), to avoid further confusion.
In this article both the names trappin-2 and elafin will be used. The reason for this is that many biochemical studies were performed with purified or recombinant material which consisted of the 57 C-terminal amino acids of trappin-2 (the four-disulphide core), which was originally described as elafin. Hence when the name elafin is used in this review, it refers to studies with the 57-amino-acid C-terminal domain.
STRUCTURAL ASPECTS OF TRAPPIN FAMILY MEMBERS

Protein structure
Members of the trappin family contain two functional domains (Figure 1b) , a transglutaminase substrate domain composed of multiple hexapeptide repeats with the consensus sequence GQDPVK, and a C-terminal inhibitor domain that folds into the four-disulphide core structure (Figure 1d ). As the term fourdisulphide core implies, the C-terminal domain contains eight conserved cysteine residues that form four disulphide bonds and stabilize the inhibitor domain (Figure 1e ). The resulting compact structure is also called the WAP motif [18] . The name WAP derives from the well-characterized member of the protein family with the four-disulphide core, whey acidic protein, which is the most abundant protein in rodent milk. The four-disulphide core structure is found in a wide variety of proteins, including whey proteins, proteinase inhibitors, neurophysins, plant agglutinin, adhesion molecules, scorpion toxins, bactericidal peptides and pollen proteins. The disulphide-bonding pattern depicted in Figure 1(e) has been established by X-ray crystallography [19] [20] [21] and chemical synthesis of trappin-1 [1] and elafin [22] . The N-terminal transglutaminase substrate domain is composed of unique repetitive sequences rich in glutamine and lysine residues, which serve as acyl donor and acceptor sites respectively in transglutaminase-mediated isopeptide formation [ε-(γ-glutamyl)lysine cross-links] (Figure 1c ). The length of the transglutaminase substrate domain varies considerably among species and family members ; for example, pig trappins-1, -2, and -3 have 17, 12 and 10 repeats respectively, whereas human, monkey and bovine trappin-2 have five, five and 12 repeats respectively. Sequence similarities among the known members of the trappin family are illustrated in Figure 1 (e). The highly variable region V (Figure 1e ) of elafin has been demonstrated by X-ray crystallography to interact with the active site of elastase (Figures 1d  and 2 ) [21] , suggesting that the corresponding regions of other trappins also serve as specificity determinants for proteinases.
cDNA and gene structure cDNAs for pig trappin-1 [14] and human trappin-2 [12] have been cloned and characterized. The cDNA of human trappin-2, for example, codes for a putative precursor of 117 amino acids, comprising a signal peptide of 22 amino acids at the N-terminus followed by the above-mentioned transglutaminase substrate domain and WAP motif ( Figure 1 ). The presence of signal sequences or presequences indicates that trappins are secreted proteins, and can be cross-linked to extracellular-matrix proteins by transglutaminase (Figures 1a and 1c) . Partial cDNA sequences that correspond to the mature portions have also been obtained by PCR for monkey trappin-2 and bovine trappins-2, -4 and -5 [16] .
Trappins are encoded by 2 kb single-copy genes composed of three exons ( Figure 3 ). The first exon codes for the 5h-untranslated region, the signal peptide and the first few amino acid residues of the mature protein ; the second exon encodes most of the mature protein ; and the third exon encodes the 3h-untranslated region ( Figure 3 ). This genomic organization is shared by all members of the trappin family whose gene structures have been determined. So far, the genes for pig trappins-1 [15] , -2 [15] and -3 [15] , and human trappin-2 [10, 11] , have been isolated and characterized. The most striking feature of the trappin genes is a surprisingly high degree of conservation of intron sequences (93-98 %) compared with that of the exon 2 sequences (60-77 %) [15] . This feature will be discussed in detail below. The human trappin-2 gene is located on chromosome 20 at 20q12-13 [23, 24] .
Molecular evolution of the domain structure
The two-domain structure of trappins is considered to have evolved by exon shuffling. With regard to the WAP motif region, there are, as mentioned above, many proteins that have this motif, constituting the WAP superfamily. In particular, the occurrence of a member, SLPI (see below), that is composed of two tandemly repeated WAP motifs supports the idea that gene multiplication and exon shuffling were the major driving force in the evolution of trappins. Concerning the evolution of the transglutaminase substrate domain, however, little information was available until the recent identification of a close similarity between the trappin and REST genes [25, 26] . The REST genes encode a group of seminal-vesicle transglutaminase substrates and were named ' REST ' for ' rapidly evolving seminal vesicle transcribed '. They have a common three-exon\two-intron organization ; the first and third exons, like those of the trappin genes, encode almost exclusively signal peptides and 3h-untranslated regions respectively [27] [28] [29] . Furthermore, the REST and trappin genes share considerable similarities even in the noncoding and intron sequences. It is therefore conceivable that the trappin gene family is derived from exon shuffling and gene duplication between the ancestral REST gene and the SLPI gene ( Figure 3 ). The location of the human trappin-2 gene in region 20q12-13 of chromosome 20, where the related genes oi.e. the SLPI gene (STS marker WI-6969) [30] and semenogelin genes [27] that are members of the REST gene familyq are all colocalized, provides strong support for this assumption.
Analysis of pig trappin genes has revealed a tremendous diversification in the WAP motif coding region in exon 2 
Figure 4 Two possible mechanisms for apparent accelerated evolution of the exon 2 sequences of trappin genes
See the text for details.
compared with the surrounding regions, including introns 1 and 2 [15] . Speculatively, this wide divergence in the inhibitor domain could have arisen as an evolutionary adaptation to environments that contain a wide variety of invasive proteinases. The molecular mechanism underlying the divergence requires further study. Although the high frequency of mutations in the WAP motif coding region is most easily explained by a mechanism of errorprone repair (Figure 4a) , the gene conversion mechanism should also be considered. In this, the targeted sequences (that flank exon 2) undergo periodic homogenization (Figure 4b ). This type of gene conversion erases the molecular evolutionary records accumulated before the last round of homogenization and contributes to maintaining the target site sequence identical with, or very similar to, that of the donor sequence.
BIOCHEMICAL ASPECTS Properties of the four-disulphide core domain of trappin-2
Elafin (the four-disulphide core domain of trappin-2) and the Cterminal four-disulphide core domain of SLPI carry the inhibitory active centre for serine proteinase inhibition. For both molecules, the three-dimensional structures have been solved by X-ray crystallography in complex with serine proteinases [19, 21] . The two domains share the same distribution of disulphide bridges, and a methionine residue in the P " h position of the inhibitory active centre. On comparing the inhibitory specificity of the two inhibitors, it is clear that elafin is a potent and specific inhibitor of elastin-degrading serine proteinases (human leucocyte elastase, proteinase 3), whereas SLPI inhibits most of the serine proteinases with a broad spectrum of substrates, with the exception of a weak inhibitory activity for proteinase 3 ( Table 1) .
The inhibitory activity of elafin for the human epidermisderived chymotryptic serine proteinase called ' stratum corneum chymotryptic enzyme ' shows a relatively high K i of 1.6 µM, which makes it unlikely that elafin is a physiologically relevant inhibitor of this enzyme. Nevertheless, elafin could be shown to inhibit the release of human corneocytes from callus in itro [31] , which is thought to be mediated by stratum corneum enzyme activity. Other chymotrypsin-like enzymes, such as cathepsin G, have been shown to be less than 50 % inhibited by a more than [69] 1000-fold molar excess of elafin, which is clearly not of biological significance (O. Wiedow, unpublished work). Elafin was found to be highly cationic, with a pI of 9.7 [6] , and has a molecular mass of 5999 Da [22] . The dissociation constant for elafin in complex with human leucocyte elastase shows a pH-dependence that is most pronounced between pH 5.5 and 7.0. This points towards the fact that protonization of His-57 in the catalytic triad of human leucocyte elastase is involved in formation of the enzyme-inhibitor complex [32] . At pH 8.0, values of k " l 3.6i10' M −" :s −" and k −" l 5.8i10 −% s −" have been determined. The kinetic data are consistent with the assumption that elafin is a potent substrate-like and fully reversible inhibitor of human leucocyte elastase.
The biochemical properties of the four-disulphide core domain of other trappin family members are largely unknown. However, it was shown that chemically synthesized pig trappin-1 and trappin-3 did not inhibit leucocyte elastase [15] . However, it was speculated that all trappins are likely to be proteinase inhibitors, possibly directed against microbial proteinases, in view of their expression in cells that are exposed to microbial stimuli.
Properties of the transglutaminase substrate domain
The N-terminal domain of the trappins is very similar to guinea pig seminal-vesicle protein, a known transglutaminase substrate. Molhuizen et al. [12] showed that full-length trappin-2 and a 14-amino-acid N-terminal peptide of trappin-2 could be used as an acyl acceptor or donor. Nara et al. [13] coined the name ' cementoin ' for the transglutaminase substrate domain of trappin-2, and they showed that the cementoin moiety was readily cross-linked to other proteins by tissue transglutaminase. A number of trappin family members have now been identified in various species, and comparison of the N-terminal domains revealed that these domains are composed of variable numbers of repeats conforming to the consensus sequence GQDPVK [15, 16] . These repetitive sequences are similar to that of seminal vesicle protein, but clearly different from other known repetitive transglutaminase substrate sequences, such as in involucrin and in cornifin. Not only these repeats, but also the single hexapeptide repetitive unit (GQDPVK) [16] , have been demonstrated to be good substrates for transglutaminase, suggesting that there is no strict secondary or tertiary structural requirement for recognition by transglutaminase. In fact, the recombinant transglutaminase substrate domain of pig trappin-1 was suggested to assume a random coil structure by CD measurements (M. A. Ghoneim and S. Hirose, unpublished work). Zeeuwen et al. [16] made a
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Figure 5 Immunohistochemical staining of psoriatic human epidermis (a and b) and normal human oesophagus (c and d) with antisera against trappin-2 (a and c) and transglutaminase type 1 (b and d)
Trappin-2 and transglutaminase co-localize in the suprabasal differentiated cells of these stratified epithelia.
detailed analysis of the biochemical properties of the GQDPVK repeat. Using amino acid substitutions in biotinylated peptide probes, it was demonstrated that both the lysine and the glutamine could be used in cross-linking reactions by transglutaminases. The cross-linking reaction was sequence-specific, as scrambling or inversion of the GQDPVK motif greatly decreased the incorporation of the hexapeptide in stratum corneum proteins.
A study by Steinert and Marekov [33] described the isolation of cross-linked proteins from human stratum corneum derived from foreskin. Cross-links were purified and subjected to Nterminal sequencing, which revealed several proteins covalently attached to trappin-2, including keratin 1 and loricrin. Evidence that transglutaminase type 1 is a likely mediator of cross-linking of trappin-2 to other cell-envelope components is witnessed by the co-localization of these two proteins in stratified epithelia (see Figure 5) .
The presence of a signal sequence strongly suggests that the trappins are secreted proteins. Indeed, it was found that trappin-2 is secreted in large quantities into the medium of cultured keratinocytes [34, 35] . In i o it is found in plasma and urine, suggesting that it is secreted into the extracellular space and cleared via blood and urine [36] [37] [38] . This finding raises the question of how and when trappin-2 is incorporated into the cornified envelope of human epidermis. The formation of the cornified envelope is thought to occur in phases, whereby involucrin acts as an initial scaffold for the subsequent crosslinking of other proteins (cornifins, loricrin, keratins) by the action of transglutaminase type 1, to form the insoluble structure of the cornified envelope [39] . Since trappin-2 is a secreted protein, but is actually found cross-linked to other stratum corneum proteins, this would imply that trappin-2 is incorporated from the outside rather than from the inside of the membrane. The fact that soluble transglutaminase activity is found in epidermal scales and is not strictly membrane-bound indicates that this is a likely scenario.
Part of the cross-linked trappin-2 is released from the stratum corneum by hitherto unknown proteinases. This process generates the C-terminal WAP domain, which contains the antiproteinase activity, that can now diffuse freely to the interstitial fluid. Indeed, in urine only small fragments of trappin-2 are found, consisting of C-terminal sequences, as determined by Nterminal amino acid sequencing [40] . When psoriatic scales are extracted with acetic acid, only the C-terminal half of trappin-2 is found, suggesting that the N-terminal domain remains crosslinked to the stratum corneum proteins. N-terminal sequencing of trappin-2 purified from psoriatic scales revealed several potential cleavage sites, although the peptide starting with Ala'" (the molecule originally described as elafin) was most frequently found. When trappin-2 was purified from cultured keratinocytes and subjected to N-terminal sequencing, an intact molecule was found starting at Ala#$, indicating that processing of the signal peptide occurs between Ala## and Ala#$, giving rise to a mature protein of 9.9 kDa. This suggests that the subsequent clipping of mature trappin-2 into two domains, as found in i o, occurs extracellularly.
CELL BIOLOGICAL ASPECTS Tissue distribution and subcellular localization of trappins
The proteinase inhibitor trappin-2 was originally discovered in the skin of patients with psoriasis, where it is present at high levels in the differentiated compartment (see Figure 5 ). This was shown at both the protein and mRNA levels. The presence of trappin-2 in normal skin is somewhat controversial [13, 35] . The studies of Nara et al. [13] and Pfundt et al. [35] using Northern blot analysis and immunohistochemistry showed that trappin-2 is constitutively expressed in a number of normal human epithelia (Table 2 ). Mesenchymal and neural tissues were always negative for the protein. At the ultrastructural level, trappin-2 was found in lamellar granules and non-lamellar secretory vesicles in the stratum spinosum of psoriatic epidermis, indicating that it is secreted into the extracellular space during terminal differentiation [35] . Sallenave et al. [41] purified trappin-2, then designated ESI, from the sputum of a patient with bronchial carcinoma, and found it to be present in bronchoalveolar lavage fluid from normal subjects. Although trappin-2 is present in the Induction by TNF-α, interleukin-1, elastase and PMA Epidermis, seminal vesicles, oral epithelia, glandular epithelia, bronchial epithelium [70] trachea, the exact cellular source in the lower respiratory tract
has not yet been identified. Some species differences appear to exist in expression patterns, as the putative pig trappin-2 orthologue was identified in the trachea and large intestine by RNase protection assay [42] , whereas human trappin-2 was not detected in the small intestine [35] . Although trappin-2 expression is low or absent in normal human epidermis, it is readily induced upon trauma or irritation. It was shown that disruption of skin barrier function by tape stripping, application of detergent or wounding induced trappin-2 expression within 24 h, at both the protein and mRNA levels [34, 43] . Teleologically this makes sense, as during wound healing the keratinocytes are migrating through a hostile environment consisting of large numbers of activated neutrophils within the wound bed which are secreting proteinases, including elastase and proteinase 3. In this way the migrating epidermis is protected against self-proteinases, which could otherwise degrade structural proteins and adhesion molecules involved in wound closure. Trappin-1, originally described as a Na + \K + -ATPase inhibitor, has so far only been described in the pig, and was found to be almost expressed exclusively in the enteroendocrine cells of the lower crypt in the small intestine, as shown by immunohistochemistry and mRNA in situ hybridization [42] . Significant amounts of trappin-1 were also found in pig plasma.
The other known trappins (-3, -4 and -5) are as yet poorly characterized. Their function is unknown, although it is likely that they are proteinase inhibitors. These trappins are expressed in a number of epithelia (see Table 2 ).
Induction and regulation in vitro
Only trappin-2 has been studied in some detail in cultured cells, such as epidermal keratinocytes, mammary epithelial cells and airway epithelial cell lines [35, [44] [45] [46] . The synthesis and secretion of trappin-2 by human epidermal keratinocytes is strongly dependent on the culture conditions, and appears to be stimulated by fetal-calf serum and tumour necrosis factor-α (TNF-α) [35] . Expression of trappin-2 has been used as a model system to mimic normal and psoriatic differentiation in itro [44] . Similarly, in airway epithelial cell lines with features of Clara cells or type II alveolar cells, trappin-2 was up-regulated by TNF-α and interleukin-1 [46] .
In mammary epithelial cells and breast carcinoma cells, trappin-2 expression was examined at the mRNA level [45, 47] . The trappin-2 gene was active in mammary epithelial cells, but not in the carcinoma cell lines. The promoter region of the trappin-2 gene was examined using reporter constructs transiently transfected in mammary epithelial and carcinoma cells [47] . Deletion analysis indicated a positively regulatory element between positions k575 and k434, and a negatively regulatory element between k611 and k571 (positions relative to the translation start site) [45] . Further analysis and site-directed mutagenesis identified an AP-1 (activator protein-1) site at k543 as a cis-element conferring high transcription rates in normal mammary epithelial cells, and PMA-inducible transcription in carcinoma cell lines [47] .
Trappin-2 gene regulation in epidermal keratinocytes appears to be distinct from that in mammary epithelial cells. Using deletion constructs in transiently transfected keratinocytes, strong positively regulating cis-elements were found between k440 and k290 (positions relative to the translation start site), a region that contains a potential AP-1 site and two nuclear factor interleukin-6 sites (R. Pfundt, P. Zeeuwen and J. Schalkwijk, unpublished work). Determination of the transcription start site showed an unusual short 5h-untranslated region, and revealed multiple transcription start sites at positions k16, k17 and k18 relative to the translation start site. Speculatively, an imperfect TATA box (the TAAGA sequence at k48) may be used rather that the TATA box at k110, which could explain the presence of multiple start points.
The findings that AP-1 sites may be of importance in regulating trappin-2 activity, the induction of gene expression in itro by TNF-α, and the induction in skin by exogenous stress factors (such as detergent, tape stripping and UV-irradiation) in i o suggests that cellular stress response pathways may be involved in the induction of gene expression. Because trappin-2 is constitutively expressed in various non-keratinizing epithelia that are continuously exposed to microbial and inflammatory stimuli, we would speculate that in these epithelia the stress response pathways are permanently switched on, whereas in epidermis this pathway is only active following injury or skin barrier disruption.
CLINICAL ASPECTS
So far, no genetic deficiency of trappin-2 has been reported in humans. We have learned that trappin-2 expression is restricted to the epithelia of various organs. The anti-proteolytic properties of trappin-2, mainly in inhibiting elastase and proteinase 3 derived from neutrophils, make it likely that it has the capacity to inhibit neutrophil-mediated proteolytic tissue damage. A limited number of investigations have been conducted with recombinant elafin [48] , but ample information has been obtained from investigations with other elastase inhibitors. The first idea that has been thoroughly investigated was the potential of elastase inhibitors to prevent lung emphysema [49] . In animal models, such as elastase-induced lung emphysema in hamsters, systemically administered synthetic elastase inhibitors have been proven to be useful [50] . Also, application of SLPI as an aerosol has been proven to be effective in animals [51] . In the special case of genetic deficiency of α " -proteinase inhibitor, substitution with this protein is under investigation in humans [52] . Trappin-2 is one of the options for current gene therapy approaches for the treatment of lung emphysema and cystic fibrosis [53] . Successful gene transfer and expression of trappin-2 in rat lung tissue has been reported [53] .
Reperfusion injury is caused mainly by neutrophil-mediated damage after pronounced ischaemia. In two different models, recombinant elafin has been shown to be effective. Inhibition of elastase by recombinant elafin improved myocardial function after repetitive ischaemia and reduced myocardial infarction in the rat heart [54] . Elafin attenuated post-cardiac transplant coronary arteriopathy and reduced myocardial necrosis in rabbits after heterotopic cardiac transplantation [55] . In all these studies, recombinant elafin was used [48] , consisting of the 57 C-terminal amino acids, indicating that the transglutaminase substrate domain is not required for efficacy in i o. Recombinant elafin has the advantages over other natural elastase inhibitors (α " -antitrypsin, SLPI) that it is smaller and unusually resistant to extreme pH, heat and oxidation.
For inflammatory diseases of the human epidermis, therapeutic application of recombinant elafin is still under consideration. In psoriasis, neutrophils invade the epidermis, and active human leucocyte elastase can be demonstrated on the skin surface [56, 57] . Neutrophils have been shown to detach keratinocytes from cover slips, a phenomenon that can be antagonized by recombinant elafin [35] . This observation is in line with the finding of Kuijpers et al. [58] that pustule formation in patients with pustular psoriasis could be mediated by local deficiencies of trappin-2. This provides evidence that trappin-2 is a component that maintains epidermal integrity. Currently it is not clear whether topical or systemic application of elafin is therapeutically useful for psoriasis. We would speculate that the constitutive expression of SLPI in human epidermis and the inducible production of trappin-2 in psoriasis [37, 59, 60] lead to the production of elastase inhibitors in sufficient amounts, but in skin diseases with altered barrier function of the stratum corneum these water-soluble compounds might be lost. It appears likely that reconstitution of barrier function by topical application of lipids prevents the loss of elastase inhibitors, thereby explaining the effectiveness of occlusion or ' placebo cream treatment ' frequently observed in psoriasis and eczema.
Finally, a variety of inflammatory skin diseases involving the dermis appear to be candidates for elastase inhibitor therapies. Elastase-specific inhibitors have been demonstrated to prevent the development of solar elastosis [61] and UV-induced carcinoma development in the skin [61] in mice.
PERSPECTIVES
In recent years, a vast number of new trappin family members have been identified in Suidae and Bovidae. Whether the trappin family has diversified in primates remains to be investigated. At present we have not been able to detect other potential members in humans, apart from trappin-2, which remains the best characterized family member up to now. Many questions still remain with respect to the function of the newly disovered trappins. We would anticipate that most of them are proteinase inhibitors, although the target specificity is unknown. Speculatively, the trappins could be directed against self-proteinases, but may also act against microbial proteinases, given that they are expressed at the interface between the organism and the external environment.
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